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A thermodenuder (TD) system, based on the design of Wehner
et al. (2002), was designed, constructed, and characterized in the
laboratory. The TD consistsof aheated tube(2.5cm 1D, 55 cm long)
held at a constant temper ature by a 3-zone controller, followed by
a cooling zone with a diffusion tube lined with activated charcoal
for adsorption of evaporated gases. An important improvement
over previous designs is the ability to step through TD temper-
aturesin ~10 min. per step by the reduction of thermal inertia,
and the addition of two cooling fans. The TD was characterized
in thelaboratory, showing that temperature profilesinsidearerel-
atively uniform and for response to standard generated particle
species. Losses at ambient temperature are closeto diffusion losses
estimated with literature techniques and to those experimentally
measured by Wehner et al. Particle number losses are observed to
increase for volatile species upon heating due to particles shrink-
ing to sizeswhere diffusion and thermophoresis are more efficient.
Thethermodenuder was placed upstream of an Aerodyne Aerosol
Mass Spectrometer (AMS) during several field experiments. An
automated valve system was designed and built to allow rapidly
alternating data points between ther modenuder -processed aer osol
and un-processed aerosol. This system has enabled the rapid (1-
3 h) collection of chemically-resolved volatility over the range of
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54-230°C in thefield for thefirst time. Examples of field data are
shown wherethe species volatilities vary as expected.

INTRODUCTION

Atmospheric aerosols can have important effects on global
climate radiative forcing (IPCC 2007), negative effects on hu-
man health (Davidson et al. 2005), visibility reduction (Watson
2002), and deposition to terrestrial systems (Likenset al. 1996).
Their short lifetimes and wide range of particle sizes, chemical
compositions, and physical properties, however, make compre-
hensive study of atmospheric aerosols very complex (McMurry
2000). Volatility is an important physical property, which is de-
fined by the chemical properties of the condensed species and
may reflect some chemical history of the particle (Jonsson et al.
2007). Photochemical reactions in the atmosphere can change
the chemical functionality of gaseous species, lowering their va-
por pressures to the point where they partition into the particle
phase (Went 1960), and thus contributing significantly to global
aerosol concentrations (e.g., Kanakidou et a. 2005). Particle
volatility directly influences the lifetimes of chemica species
in the atmosphere not only by removal through secondary re-
actions, but through widely different removal rates for wet and
dry deposition processes for gases vs. particles (Franz et al.
1998; Simcik et al. 1998). Aerosol volatility can also help de-
fine the levels of vapor reemission from particles deposited
to terrestrial surfaces (Daly and Wania 2004). Some species
may condense upon cooling when lofted into the free tropo-
sphere (Kanakidou et al. 2005), or evaporate when concentrated
pollution plumes are heated or diluted with less polluted air-
masses (Lipsky and Robinson 2006; Shrivastava et a. 2006).
Finally, knowledge of volatility can aid the estimation of parti-
clelossesinaircraft samplinginlets (Wilson and Seebaugh 2001)
and within particle sampling instruments (e.g., Meyer et al.
2000).
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Themeasurement and analysisof aerosol volatility, which has
also been called thermal fractionation (Hudson and Da 1996),
takes advantage of the fact that different chemical species will
evaporate rapidly at characteristic temperatures related to their
vapor pressures, boiling points, and enthalpies of vaporization
(e.g. Burtscher et a. 2001; Kreidenweiset al. 1998; Villani et al.
2007). As the particles are heated, the more volatile species
evaporate preferentially leaving behind the less volatile species
still in the particle phase. This technique has been utilized for
decades to gain indirect information about aerosol physical and
especialy chemical characteristics when not easily measurable
otherwise. Goetz et a. (1961) measured the decreasing particle
size asfoil samples of collected ambient particles were heated.
The use of a heated volatilization flowtube to evaporate par-
ticle material for direct in situ analysis dates back at least to
Twomey (1968; 1971b), who inferred the composition of cloud
condensation nuclei (CCN) inthe NE United Statesto be mostly
sulfatefrom measured particlevolatility. Inorder toinfer particle
composition, later studies also placed a heated tube upstream of
a thermal-expansion cloud chamber (Dinger et al. 1970; Hop-
pel et a. 1973; Twomey 1971a), photoelectric particle counter
(Rosen 1971), nephelometer (Husar and Shu 1975; Pueschel
et al. 1973), and light-scattering aerosol spectrometer (Jennings
and O’ Dowd 1990; Pinnick et al. 1987). Study of inferred aerosol
composition has aso focused on the separation of elemental
species that remain in the particle phase at high temperature
(800°C and above) from more volatile species (Jennings et al.
1994; Smith and O’ Dowd 1996). Techniquesto speciate aerosol
sulfate more directly were developed by adding selective gas
denuders to heated flowtubes for detection by: flame photome-
try (Cobourn et al. 1981; Tanner et al. 1980), and nephelometry
(Larson et al. 1982; Ten Brink et al. 1996).

The general idea of placing a heated flowtube upstream of
detecting instrumentation has gone by several names and here
is referred to as a thermodenuder (TD). Most TDs have been
quartz (e.g., Twomey 1971b) or stainless steel (e.g. Burtscher
et al. 2001) tubeswrapped in someform of heating tape or placed
inan oven (An et al. 2007), leading downstream to the detecting
instruments. Clarke (1991) further developed the technique to
alowfor rapidvolatility analysisinaircraft by placing six heated
tubes in parallel and measuring the resultant size-distributions
with a custom laser aerosol spectrometer. By placing a heated
tube, or several in parallel, between two differential mobility
analyzers (DMAS) one can measure the size reduction of size-
resolved particles upon heating. These instruments are referred
toasvolatility tandem DMAs(VTDMAS) and have been widely
used in several forms (Brooks et al. 2002; Kuhn et a. 2005;
Orsini et al. 1999; Philippin et al. 2004; Villani et a. 2007).
Recently VTDMAs have been employed to help investigate the
volatility and composition of chamber-generated organic aerosol
particles in several studies (Baltensperger et a. 2005; Jonsson
et a. 2007; Kalberer et a. 2004; Offenberg et al. 2006; Paulsen
et a. 2006; Stanier et al. 2007).

Burtscher et a. (2001) built upon the thermodenuder con-
cept (Jennings and O’ Dowd, 1990; Pinnick et al. 1987; Twomey
1971b) using a metal tube wrapped in heating tape, but opti-
mized the instrument for experiments where organic particle
concentrations are high. To reduce the chemical interference
from gas recondensation, Burtscher et al. added a charcoal de-
nuder immediately downstream of the volatilization tube. This
section allows gas vapors volatilized in the heating section a
surface on which to adsorb upon cooling, further ensuring that
the remaining signal is dominated by the less volatile parti-
cle species. These authors characterized their instrument both
theoretically and experimentally for temperature stability, par-
ticle losses, gas recondensation, and with respect to known
compounds. Wehner et al. (2002) further improved upon the
Burtscher et a. and earlier designs by improving the unifor-
mity of the temperature profile and adding sufficient residence
time for adequate evaporation of particle species. This design
has been utilized for measurements of ambient (Ehn et al.
2007; Wehner et a. 2005; 2004) and vehicle combustion ex-
haust (Schneider et al. 2005) aerosol volatility, but only at a
single set temperature of 280-300°C. An et al. (2007) utilized
the general designs of Burtscher et al. and Wehner et al. and
further developed a new TD design that exhibits high temper-
ature stability, but low temperature-ramping speed due to its
placement in a tube furnace. They investigated the role of res-
idence time on particle evaporation and concluded that many
TD designs can under-predict particle volatility by not allow-
ing adequate time for mass transfer kineticsto act and approach
equilibrium.

The TD discussed here was developed to add volatility asan
additional dimension of separation for datasets from the Aero-
dyne Aerosol Mass Spectrometer (AMS) (Canagaratna et al.
2007; Jayne et a. 2000; Jimenez et a. 2003) and similar in-
struments. The AMS has high time resolution (DeCarlo et a.
2006) and performs ensembl e averages of particle concentration
and composition, typicaly between 1 and 5 minute averages
during normal operation. It can provide the concentrations of
non-refractory inorganic species as well as of several types
of organic species based on factor analysis of organic spec-
tra (Zhang et al. 2007, 2005). The High-Resolution Time-of-
Flight AMS (HR-ToF-AMS) is arecently developed version of
the AMS, which provides additional chemical resolution due
to the use of a high resolution mass spectrometer (DeCarlo
et a. 2006). Adding the TD in series in front of a chemical
analyzer alows the detailed analysis of chemically-resolved
volatility, which represents a significant advance from the use
of volatility data to infer limited chemical composition infor-
mation. To our knowledge this is the first such application for
ambient analysis. This technique may allow further classifica-
tion of organic aerosols if components which are difficult to
separate due to their similar mass spectra have some differ-
encesin volatility that can be exploited by component analysis
techniques.
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METHODS AND INSTRUMENT DESIGN

A thermodenuder was designed and constructed based on
the published design of Wehner et a. (2002), who improved
on earlier designs by providing a more uniform temperature
profile and increased residence time for evaporation of parti-
cle species. Figure 1 shows a schematic of the improved de-
sign discussed here. The heating stage consists of a 1 inch OD
(2.5 cm), 0.875 inch ID (2.2 cm) stainless steel tube 55 cm in
length, which is wrapped with three fiberglass-coated heating
tapes (Thermolyne, 60 cm long). The tube and heating tapes are
then wrapped with ~0.5 inch (1.3 cm) fiberglass insulation and
covered with 6 inch OD (15 cm) stainless steel stove pipe asan
outer casing. The heating tube passesthrough a0.5inch (1.3 cm)
aluminum plate at either end, which hold the tube in place. Two
fans (4.7 ft3/min) are installed in the outer casing of the heating
section and can be used to blow air through the volume sur-
rounding the heated aerosol tube to cool the unit at afaster rate.
During this operation one fan pulls air into the volume, and the
second forces heated air out. Each of the three heating zonesis
temperature controlled by a PID hardware controller (Newport
temperature controller, i8; PID Settings of: 10, 100, and 300)
whose set-point is computer-controlled with a USB connection
and can be set independently from one another to achieve aflat-
ter overal profile. The temperature controllers and the fans can
be operated manually, or by software during automated opera-
tion. Thefirst (heating) stage isjoined to the second (denuding)
stageby alto3/sinch (2.5to 1.9 cm) Swagel ok reducing union.
The denuding stage is constructed exactly like adiffusion drier,
with activated carbon charcoal replacing the silicagel and solid
aluminum walls replacing the clear plastic walls. It consists of
a0.75inch ID (1.9 cm) mesh tube held in place at either end by
0.75inch OD (1.9 cm) tubes affixed to the end caps. These caps
are attached to the body-wall of the denuder with Viton o-rings
to provide an air-tight seal. The volume outside of the mesh is
filled with activated carbon charcoal (Fisherbrand, 6-14 Mesh).

The main difference in our design objectives versus those of
previous designs is that our TD was designed with additional
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temperature control and reduced thermal massin order to alow
for temperature-stepping. This design change included the use
of three controllers, the replacement of the sand insulation of
Wehner et al. with the looser and less massive fiberglass insula-
tion, and the addition of cooling fans allows for faster temper-
ature changes. Rapid stepping allows one to obtain information
about awide range of volatilities on atime scale comparable to
or shorter than most aerosol variationsin ambient air.

The rapid measurement of volatility also requires the in-
terleaved measurement of non-evaporated ambient particles. A
valve system was designed to allow for automatic switching
between sampling states. During typical operation, aerosol is
pulled from an inlet and split into two streams, each pass-
ing through a Swagelok ball valve controlled by a computer-
controlled DC-actuator (Swagelok, MS-141DC). The valve
states determine whether the TD-processed aerosol or the un-
processed aerosol is sent to the detection instrumentation. The
other stream is pulled through a critical orifice into a sampling
pump (Gast oil-free vacuum pump) in order to maintain a con-
stant flow through the denuder and the rest of the sampling sys-
tem. Figure 1 shows the valve configuration during each sam-
pling state.

The flowrate, as determined by the work of Wehner et a.
(2002), is set to a constant 0.6 Ipm (at ambient temperature).
The flow is laminar (Re = 38), and the air residence time (RT)
at ambient temperature calculated as a plug flow (plug flow RT
or PFRT) is 21.2 seconds through the 55 cm heating zone, or
10.6 seconds calculated as a minimum time at the centerline of
the laminar flow velocity profile (centerline RT or CLRT). Be-
cause the airflow needs some linear distance within the heating
zone to reach the setpoint (see following section), the effec-
tive PFRT at that temperature is ~15 s. The air density in the
volatilization tube is temperature-dependent, however, and will
therefore force atemperature-dependent velocity increase (Vil-
lani et a. 2007). At 54°C (+6.5%) the PFRT over the length
of the heating zone is 11.9 s, but only 7.9 s at 230°C (+15°C
or 6.5%). Kinetic limitations of residence time and evaporation
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FIG. 1. Schematic diagram for thermodenuder and typical flow paths, with flow rates through each channel, and dimensions of the unit. Valve orientation for

TD-state and ambient-state are both shown.



Downloaded By: [University of Colorado, Boulder campus] At: 14:32 29 May 2008

398 J.A. HUFFMAN ET AL.

were recently pointed out as a problem in some previous studies
by Anetal. (2007). These authors studied the effect of residence
timein the heating section of the TD and concluded that the RT
of 1.6 s used by Kalberer et a. (2004) and Baltensperger et al.
(2005) was too short and may have resulted in some biases in
their analyses. With an ambient PFRT ~21 sour TD iscloseto
the PFRT of 31 s (15.8 s centerline RT) used by An et a. and
should avoid major kinetic limitations.

The AMShasatotal particle collection efficiency (CE) that is
acombination of CE values due to transmission through thelens
and inlet system, size- and shape-dependent losses, and particle
bouncefromthevaporizer (Huffman et al. 2005). Decreased col-
lection efficiency due to shape-dependent losses (Es) has been
shownto beunimportantinmultiplefield campaigns(i.e., Es~1)
(Huffman et a. 2005; Salcedo et al. 2007). The collection effi-
ciency due to bounce (Ep,) dominates total CE for particle sizes
that the aerodynamic lens allows to pass efficiently, causing CE
to remain remarkably constant at approximately 50% during
most ambient campaigns (Alfarraet a. 2004; Canagarathaet al.
2007; Drewnick et a. 2004; Zhang et a. 2004), although it has
known deviations from this value for some extremes of phase
and composition, e.g., for very acidic particles (Quinn et al.
2006). If Ey, decreased after evaporation of some of the particle
materia inthe TD asmore of the solid, less-volatile material re-
mained behind, the apparent volatility reported by the TD-AMS
measurements would be higher than the real volatility. It isalso
possible in principle that E5 could be reduced after the TD if
some particles crystallized into very non-spherical shapes upon
heating, which would lead to a similar effect.

RESULTS AND DISCUSSION

Temperature Profile Characterization

The newly designed TD was first characterized in the lab-
oratory prior to field experimentation. Faulhaber et al. (2007)
discusses the technique by which data from this TD design can
provide species vapor pressure (or vapor pressure distribution).
Thiswas achieved by empirically calibrating the instrument for
speciesof known vapor pressuresand determining arelationship
between these vapor pressures and their characteristic evapora-
tion temperatures in the TD, which can then be applied to un-
known aerosol as well. Here we focus on the characterization
of the temperature profile and temperature dependent particle
lossesinthe TD.

The internal temperature profile was measured with a
fiberglass-wrapped thin-wire thermocouple introduced through
the middle of a0.25 inch (0.6 cm) stainless steel tube from the
front end of the TD, which protruded from the end of the tube
by approximately 2 cm. The probe washeld in place in the mid-
dle of the heating stage tube by use of metal clips attached to
the outside of the 0.25 inch (0.6 cm) tube. Temperatures were
recorded at pointsin the longitudinal dimension while flowing
the standard flow rate of 0.6 I[pm and are plotted in Figure 2. The
temperature profiles show aflat region in the middle at all tem-

peratures, with no hot or cold spots. Thedistance (and associated
RT) along theinside of the heated tube showing aregion of tem-
perature stability (£6.5% or 15°C of the average temperature at
the hottest set-point) isapproximately 1.8 cm longer than shown
by Wehner et al. and 7.8 cm longer than Burtscher et a. Thetem-
peratures inside the heated tube are approximately 17% in °C
higher than those measured by the thermocouples that drive the
temperature controllers (e.g., a 200°C set-point will heat the TD
to 230°C) dueto thelocation of the control thermocouples away
from direct contact from the heating tapes. All temperatures re-
ported in this paper are centerline (CL) temperatures cal culated
using the calibration from heater setting values recorded in the
logged heater files.

Particle Number and Mass Loss Characterization

Particlelosseswithinthe TD werecharacterized by two meth-
ods. Thefirst was designed to measure the size-resol ved number
loss of particleswithin the TD due mostly to diffusion and ther-
mophoresis. Burtscher et al. (2001) showed that sedimentation
should only play a minor role for submicron particles. NaCl
(99.0%, Sigma-Aldrich Inc.) particles were generated using a
dilute (~0.005 M) water (HPLC-grade, Burdick and Jackson)
solution and TSI atomizer (Model 3076, Shoreview, MN). The
resultant aerosol was dried through two diffusion driersin se-
ries, diluted with particle free air, and passed through a glass
mixing volume to homogenize the particle concentration across
the crosssection of the downstream tubing. Relative humidity
(RH) was <15% in al cases reported here. The aerosol was
then passed to a 0.25 inch (0.6 cm) Y-split tube (Brechtel Man-
ufacturing, Hayward, CA) where one path bypasses the TD and
is connected directly to the valve system (described above) and
the other leads through the TD and to the valve system. The
distance through the two paths between the aerosol generation
system and the valves (while measuring the input aerosol) and
between the exit of the TD and the valves (while measuring the
TD-processed aerosol) was matched, as is done during actual
operation of the system in the field, in order to measure num-
ber losses due to the TD system in a form that can be used for
post-correction of field data.

A scanning mobility particle sizer (SMPS: TSI Differential
Mobility Analyzer, DMA, Model 3085; TSI condensation par-
ticle counter, CPC, Model 3010) was used for particle detec-
tion. A CPC (TSI Model 3010) also sampled the flow upstream
of the Y-split to monitor the total particle concentration output
from the atomizer as a function of time. NaCl particles were
chosen for the study of size-resolved number loss because of
their ease of generation from awater solution and for their non-
volatility under all experimental temperatures. Figure 3 shows
the resultant number losses. The curves at each of the three tem-
peratures were achieved by taking the ratio of the output size
distribution to the input distribution and averaging over a num-
ber of scans and experiments. Data at additional temperatures
(not shown) were acquired and vary smoothly between the lim-
its shown. Error bars are standard deviation of the data points
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FIG. 2. Longitudinal temperature profile showing temperature at each point within the TD for the current design for three set temperatures. Schematic diagram
of TD shown above graph to scale in the horizontal coordinate (but not in the vertical). Vertical arrows point to physical zones in the TD that correspond to: the
outer dimensions of the physical casing, the region of active heating (where the tube is wrapped with heating tape), and the region corresponding to Tayg + 6.5%

(or £15°C at 230°C).

(shown only in afew representative regions to reduce clutter on
theplot). Thedotted line showsthe estimated theoretical limit for
diffusion loss at ambient temperature as afunction of size. The
loss curve at ambient temperature from Wehner et al. (2002) is
also plotted to show reasonable agreement between these tests
(Note: Ag particles were used in the Wehner experiment). Ex-
perimental transmission shown here is within error bars of the
calculated transmission indicating no additional significant loss
mechanisms exist in the system at ambient temperature. The
points from Wehner et a. show higher transmission, but are
also significantly above the calculated transmission, the reasons
for which are unclear. The particle losses increase for smaller
sizes and are approximately constant above 80 nm. The average
losses for each experimental curve above 80 nm are used asthe
integrated number loss over the particle size range where mass
is important for ambient particles (e.g., Salcedo et a. 2006).
These averages are re-plotted in Figure 4 as a function of tem-
perature. This plot shows the relationship between mass trans-

mission in the typical ambient size range through the TD and its
temperature set-point. Asthe TD temperature increases the par-
ticlelosses increase linearly from 5% at 54°C to approximately
20% and 230°C due to additional thermophoretic forces. Ther-
mophoresis will act to focus the particles in the heated section,
but de-focus the particle stream as it enters the cooler denud-
ing section. These increased losses at higher temperatures are
expected and are within the range of characterizations carried
out in previous studies of heated tubes using both theoretical
(Housiadas and Drossinos 2005; Stratmann and Fissan 1988)
and experimental (Burtscher et al. 2001; Tsa et al. 2004; Walsh
et al. 2006) techniques. While diffusion increases greatly as par-
ticle size decreases, thermophoretic forces are not strongly size-
dependent (Burtscher et al. 2001; Hinds, 1999b), but can move
particles closer to the walls where diffusion of small particles
can be more efficient. The inverse of the fitted line in Figure 4
can be applied to ambient data to correct for losses of massasa
function of temperature.
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et al. (2002). Lines are splinefits to guide the eye.

M onodisperse particle number losses for species with differ-
ent volatilities were also characterized. Particles were atomized
and dried, as described above, and were then sent through a
DMA for size-selection. Two TSI Model 3010 CPCswereplaced
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FIG. 4. Estimated particle masslosswithin the TD as afunction of tempera-
turefor typical submicron ambient particledistributions, shown astheintegrated
number loss in the particle size region where mass isimportant for typical am-
bient size distributions (above 80 nm). Lineisalinear fit of y = —0.00082 x +
0.98.

cal diffusion limit (Cheng 2001; Hinds 1999a), and published losses from Wehner

immediately up-, and down-stream of the TD, and the respec-
tive number counts entering and exiting the TD were measured.
Figure 5 shows the relationship of number loss through the TD
as a function of temperature for NaCl and (NH4)2SO; (99.7%,
Fisher Chemicals) at several sizes. The number loss curves for
NaCl (Figure 5a) show no increase in particle losses as particle
size decreases to 50 nm at higher temperature. The (NH4)2SO4
curves (Figure 5b), however, show additional number |osses of
smaller particles after evaporation at and above 170°C as the
original 50 nm sizeisreduced into a size range where diffusion
is more efficient. Due to kinetic limitations in particle evapo-
ration and/or small non-volatile impurities, even after most of
the particle mass has evaporated at high temperatures there may
till be a significant fraction of the particle number remaining
whichwill therefore still be counted by the CPC. For example, a
200 nm particlethat shrinksby afactor of 10indiameter to20nm
will shrink by afactor of 1000 in volume and mass. The particle
will retain only 0.1% of its original mass, which is negligible
from the mass perspective, but it will still be counted efficiently
by the CPC. Alternatively, there may be nucleation of some
particles after the evaporation of most of the sulfate material
followed by cooling, creating alarge number of small particles.
We have so far not seen evidence of this type of nucleation on
this TD system, however. A small amount of non-volatile solute
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has been normalized to number losses at ambient temperature. Lines are spline fits to guide the eye.

impurity could also account for a residual core after heating,
but this would again not account for significant mass. While
this effect enhances the losses of smaller particles in ambi-
ent data, their contribution to the total ambient mass (and thus
the positive bias on the mass loss) is small compared to larger
particles.

TD Response to Standard Chemical Species

TheTD systemwascharacterized with respect to several stan-
dard chemical speciesto understand their behavior asafunction
of TD temperature. Polydisperse particle distributions similar
to typical urban atmospheric conditions were atomized, dried,
and mixed with particle free air as described above. The flow
system was arranged asin typical field study, with the tube dis-
tance and bends between the TD and valves, and the valves
and detection instrumentation minimized. A 171 cm bypass
line of /4" copper tube was routed around the TD (avoiding
rising hot air) to the valves. An AMS was used to detect the
mass remaining after the TD, or via the bypass. The resultant
volatility information for individual chemical species is most
easily viewed by means of a TD “thermogram,” which plots
the aerosol mass fraction remaining after heating as a function
of temperature. Figure 6 shows the thermograms for four stan-
dard chemical species. NH4NO3 (99.9%, Fisher Chemicals) and
NH4Cl (99%, Mallinckrodt-Baker, Inc.) clearly show the highest
volatility, with (NH4)>SO, showing intermediate volatility, and
CsCl (>98%, Sigma Chemical Co.) showing virtually no evapo-
ration with increasing temperature. CsCl was chosen becauseits
volatility issignificantly lower than (NH4)»SOy4, but high enough
to evaporateonthe AM Svaporizer. Thethermogramsfor each of
the other species were consistently reproducible, but the ammo-
nium sulfate showed some variability between the curves at the
10-20% level between 90-175°C. Although the causes for this
variability are not fully understood, it is possible that a change
in pure ammonium sulfate particle phase (or shape) is caused
by the heat in the TD, causing the AMS Ej, (or Eg) to decrease

somewhat. This effect would primarily be an AMS issue and
not directly related to the TD design. However, thisvariability is
small compared to the range of volatilities measurable with the
TD-AMS, asillustrated by comparison with the other 3 species
in the figure.

Automated Switching for Field Application

This thermodenuder design allows temperature-stepping in
order to characterize volatility over a large temperature range
and timescales of 1-3 h, short enough that under most condi-
tionsthe ambient aerosol hasnot changed significantly. Sincethe
AMSisafast detector, periods of faster ambient changes can be
removed from the analysis. During field sampling the flow to be
analyzedissplitinto two parallel lines (Figure 1). Onelineleads
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Centerline Temperature (°C)

FIG. 6. Responseto heating shown as a function of temperature for polydis-
perse species generated in the [aboratory. (NH4)2SO04 curves highlight variabil-
ity while using the AMS as a particle detector. Lines are spline fits to guide
the eye.
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directly to the detecting instrumentation, and the second passes
first through the TD and then to the same instruments. A cus-
tom valve system rapidly and automatically switchesthe sample
that reaches the instruments between ambient (un-denuded) and
thermally denuded at regular intervals (between 1 and 10 min,
depending on the study). While the system is in TD-sampling
state the temperature is held constant, and while the system is
in ambient-sampling state the temperature is changed to another
set-point. The sampling instruments detect the particle massthat
has not evaporated after passing through the TD; at successively
higher TD temperatures the particle mass remaining is further
reduced. During standard ambient campaign operation afull cy-
cletime of 160 minutes allows for 7 different temperature steps
between 50 and 230°C, in addition to interleaved measurements
at ambient T (bypassing the TD). The system has been used in
several field campaigns, but examples here are shown from MI-

LAGRO and FLAME inFigure 7. In each study, the TD wasfol-
lowed by a high-resolution time-of-flight AMS (HR-ToF-AMYS)
(DeCarlo et a. 2006). Sampling during MILAGRO (Megacity
Initiative: Local And Global Research Observations) took place
at the TO Supersite inside Mexico City (north of downtown) in
March 2006 (Molina et al. 2008). FLAME (Fire Lab At Mis-
soula Experiment) took place June 2006 and 2007 at the US
Forest Service Fire SciencesLabin Missoula, MT. The FLAME
study measured highly diluted (~ x 10,000) smokefrom open air
burning of ~15 different biomass specimens (~200 gramseach)
over the course of one week. The smoke was mixed into alarge
chamber, and aerosol from flaming and smoldering phases of
combustion was alowed to mix and reach a stable level before
starting the TD-AMS cycle. More detailed analyses of the TD-
AMS datafrom these studies are presented el sewhere (Huffman
et al. 2008).
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Figure 7a shows a typical temperature program for ambient
sampling at the top, and the resultant AM S data on the bottom.
The thick line running through the top-most point of the total
organics points is the ambient mass loading as would be mea-
sured without the use of the TD. The mass remaining after the
TD is shown by the deep valleys every twenty minutes. One
can see that at low temperatures the relative amount of organic
aerosol mass remaining is high, while at high temperatures that
amount is much lower. The temperature cycling program for
the FLAME laboratory studies was optimized to achieve higher
temperatureresol ution for shorter avail abletotal samplingtimes.
During these experiments when the overall total aerosol mass
loading (generated from burning of small amounts of biomass
specimensin alarge chamber) had stabilized, the temperature of
the TD controller was programmed to ramp slowly from 230°C
to near ambient at about 2.5°C min~!, while the valve system
switched every minute (Figure 7b). This achieves considerably
higher temperature resolution of ~5°C compared with ~30°C
for the ambient procedure in Figure 7a, however it does not al-
low for V/W mode switching of the HR-ToF-AMS which was
required for ambient sampling.

Field Demonstration

Asan example, Figure8ashowsthermogramsfor MILAGRO
campaign averages of sulfate, ammonium, chloride, nitrate, and
organic aerosol (OA), aswell as OA from Lodgepol e Pine burn-
ing from the FLAME study. These data are shown to highlight
therange of volatilities observed, from highly semi-volatile pine
OA to much less volatile MILAGRO sulfate. The sulfate ther-
mograms show very low volatility up to 141°C, with a sharp

decrease in particle massimmediately after. The lodgepole pine
OA, however, shows only 11% remaining at 141°C. Nitrate and
chloridea so show highvolatility, consistent with their dominant
non-refractory forms being ammonium nitrate and ammonium
chloride as identified previously (DeCarlo et al. 2007; Salcedo
et a. 2006). Chloride does show aresidual at high temperatures
indicating the presence of other less volatile chloride species
suchaszincor lead chloride, consi stent with other measurements
(Moffet et al. 2007). Note that all data shown here has been cor-
rected for experimentally determined losses, as shown in Figure
4. The sigmoidal shape of the sulfate curve points to one com-
pound dominating the total sulfate mass (Faulhaber et al. 2007;
Twomey 1968). Note also that thereisaslight apparent increase
inthe sulfate curve at approximately 150°C. Whilethisbehavior
isnot completely understood, it may berelated to small changes
of the AMS E,, after the aerosol is heated as discussed earlier. It
can contribute a 10-20% variability in the sulfate mass remain-
ing between 90-175°C, but the overall shape and 50% evapora-
tion point remain largely unaffected. Thetotal organic volatility
shows a more gradual decrease in particle mass as a function
of size, indicating a complex mixture of semivolatile OA com-
pounds over awide range of volatilities (Donahue et al. 2006).
Figure 8b shows MILAGRO campaign-average sulfate during
diurnal periods of: early morning (04 AM), mid-morning (5—
8 AM), and mid-afternoon (1-4 PM), local time, which show lit-
tledependence of the shape of the curvesontime of theday. Data
from laboratory-generated ammonium sulfate (replotted from
Figure 6) isalso plotted in Figure 8b showing asimilar evapora-
tion temperature, but with asharper transition. Thisconfirmsthe
dominant chemical form of the sulfate as ammonium sulfate, as
concluded previously (DeCarlo et a. 2007; Salcedo et al. 2006).
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FIG. 8. Fraction of particle mass remaining after passing through TD as afunction of TD temperature (“thermograms”) showing range of volatilities observed.
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The thermogram (especially the sharp decrease in mass fraction
remaining) isless sharp for ambient particlesthan for laboratory
ammonium sulfate, which may be due to the internal mixing of
sulfate with more volatile (such asammonium bisulfate) or more
refractory speciesin some particles. Additional analyses of the
MILAGRO thermograms and their variability will be presented
elsewhere.

Potential Issues for TD-AMS Quantification

The TD design works under the assumption that certain par-
ticle species will evaporate in the heating stage and will be re-
moved by diffusion to the activated carbon charcoal in the de-
nuding phase immediately after. Implicitly this assumesthat the
surface area presented by the charcoal is much larger than that
presented by the residual aerosol particles. The diffusion time
for vaporsto reach the charcoal is ~100 ms, which is short com-
pared to the time spent in the denuding section. Recondensation
of vapors on the aerosol particles has been observed in some

previous studies carried out under high aerosol concentrations
(Sakurai et al. 2003). Recondensation is likely a larger issue
for TD designs without an adsorbent section, but less impor-
tant in VTDMAS due to the low particle surface area present
after size selection. The effect of recondensation will lead to
an underestimation of particle volatility. Recondensation can be
post-diagnosed (and partially corrected for) by analyzing the
thermograms vs. aerosol surface area (SA) concentration after
the TD, asrecondensationwill belarger whentheratio of aerosol
to adsorbent surface area is higher. Figure 9 shows the fraction
of particle mass remaining after the TD asafunction of thetotal
ambient particle mass (used as a surrogate for total particle SA
sincethe particle size distributionisrelatively constant (Salcedo
et a. 2006)) during MILAGRO for total organics and sulfate at
54 and 230°C each. The slope of the first three panels is ei-
ther approximately zero or dlightly negative, thus showing no
signs of recondensation. The plot for sulfate at 230°C, however,
does show some potential evidence of recondensation. Ammo-
nium sulfate has the lowest vapor pressure of the major species
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detected by the AM'S, and as temperature decreases in the cool -
ing region these molecules may efficiently recondense onto the
surface of a nearby particle (uptake coefficient y ~ 1) before
they have had time to reach the charcoa adsorbent. This phe-
nomenon was also observed for sulfate at 200°C (not shown).
Since the sulfate size distributions were similar at the different
concentration levels, the effect discussed here is likely not re-
lated to reduced evaporation at high concentrations. This latter
effect may be important in some cases. Overal this qualitative
analysis suggests that recondensation is typically not a large
problem for our TD under the relatively high ambient concen-
trations of Mexico City, and its effects can be diagnosed with
the analysis technique just described.

The ambient data analyzed so far indicate that the effect of
varying Ep (or Eg), if present, is small. For example, qualita-
tive differencein thermogramsin Figure 8 for the total organics
and sulfate indicates that the chemical difference in volatility
is indeed the most significant factor for the appearance of the
curves; i.e., if changesin Ey, werethe dominant mechanismlead-
ing to the observed thermograms in the TD-AMS system, the
sulfate and organic thermograms would be very similar, given
that much of the sulfate and organic massisin aged internally
mixed particles in Mexico City (Salcedo et al. 2006). The dif-
ference between these curves, as well as the similarity of the
sulfate thermograms to the laboratory data indicate strongly
that, while changes in E, may be a contributing factor in the
shape of the curves, the dominant effect of the technique is
volatility separation. As discussed previously, E, change may
play arole at a 10-20% level for sulfate between 90-175°C.
Future studies should address this question by directly compar-
ing Ep and Es in the AMS using the internal light scattering
unit (Cross et al. 2007) and beam width probe (Huffman et a.
2005) for ambient particlesthat have gone through and bypassed
the TD.

It should aso be noted that the use of the charcoal denuder,
while necessary to strip volatilized material away from the par-
ticles when mass concentrations are high, can also cause par-
ticle evaporation not due directly by increased temperature. In
other words, semivolatile species which have a significant frac-
tion of their concentration in the gas-phase in equilibrium may
partially evaporate as the gas-phase is denuded at ambient tem-
perature without and heating. Thiswill be seen by unreasonably
high volatility at ambient temperature, and while rare, we have
qualitatively observed it during some very high concentration
experiments (fresh diesel exhaust sampled under low dilution).
The denuder section filled with fresh charcoa also appeared to
strip material from |aboratory-generated pure ammonium nitrate
aerosol at ambient temperature. This effect disappeared after
conditioning the charcoal by flowing air with ammonia (gen-
erated by passing the incoming air over an ammonia solution)
through the TD for a short period. We did not observe changes
on the ammonium nitrate evaporation curve with time in ambi-
ent studies, which would have suggested variation on this effect
with time.

CONCLUSIONS

We have built upon the thermodenuder designs of Wehner
et a. (2002) and Burtscher et a. (2001) to develop atechnique
to quickly measure chemically-resolved ambient aerosol volatil-
ity in the field for the first time. The TD design presented here
has been optimized to reduce thermal mass and implement rapid
temperaturecontrol, and acomputer-controlled valve system has
been designed to achieve fast ambient/TD switching. The lon-
gitudinal temperature profiles are comparable to the previous
designs. Particle number losses were characterized experimen-
tally asafunction of sizeand TD temperature and are also close
to both calculated losses and those from previous studies. The
total mass loss for typical ambient submicron particle size dis-
tributions was estimated to increase from approximately 5%
at 54°C to 20% at 230°C. These additional losses are mostly
due to thermophoretic forces at the boundary of the heating
stage to the cooling stage and are within experimental and cal-
culated losses for other similar systems. The TD response to
|ab-generated chemical specieswasalso characterized. Example
ambient dataare presented in which thevolatility of thedifferent
speciesvariesasexpected. Positiveartifactsdueto gasreconden-
sation can be a potential problem for TD measurements, but are
significantly reduced by the addition of a charcoal diffusion de-
nuder. The effect has been investigated for operation in thefield
and isboth small and diagnosable (potentially post-correctable).
Variationsin AMS collection efficiency after the TD may bere-
sponsible for thermogram variations of the order of 10-20%
for sulfate between ~90-175°C. Further design improvements
are needed to further flatten the longitudinal temperature pro-
file at the beginning and end of the heated zone and minimize
thermophoretic losses and effects, especially at the transition
between the heating and cooling sections. It may be possible to
change temperatures more rapidly, but this may require a more
complex control system and/or active cooling to allow the tem-
perature to stabilize before the next data point. Adding more
heating control sections (for example, from three used here to
five, each with shorter sectionsand more concentrated power ca-
pacity per unit length of the TD at the entrance and exit) would
help achieve this objective and thus provide a longer residence
time near the temperature set-point in the heated section.
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